In this article we explore the possibilities to obtain hardness enhancement in three different types of multilayer system: TiN/AlN, TiN/NbN and TiN/TaN, produced by bias-dc magnetron sputtering under the same deposition conditions. Multilayer structure and chemical composition were confirmed by GDOES (Glow discharge optical emission spectroscopy). Crystalline structure of component layers was studied by XRD (X-ray diffraction). Microhardness was measured by using a classic Vickers microdurometer and SEM (Scanning electron microscopy), as well as, by nanoindentation. Corrosion current was determined by Tafel extrapolation method.
Introduction
Superhard and ultrahard materials are defined [1] as those with Vickers hardness in the ranges 40-80 GPa and more than 80 GPa respectively. Since 1995, after original finding of Veprek and Reiprich [2, 3] about the hardness of nanocomposite: nc-TiN-a-Si 3 N 4 , an intense research on these materials has started. These materials have been produced as nanostructured coatings on high speed steel, silicon and other substrates.
Several structures have been developed for superhard and ultrahard nanostructured coatings such as: (1) nanocomposites coatings [4, 5] , made for instance by co-sputtering of two or more targets in an atmosphere of argon and nitrogen; (2) nanoscale multilayers [6] [7] [8] , or superlattices, where layers of titanium nitride and other nitrides with wavelengths less than 10 nm are superposed one on the top of other; (3) graded metal nitrides [9] , where the relative content of two metals changes gradually in the coating.
In This paper we describe the production by dc magnetron sputtering of multilayers based on titanium nitride on HSS (High speed steel) substrates. Specifically we report on the production of TiN/AlN, TiN/NbN and TiN/TaN multilayers. Chemical analysis of each layer was made by GDOES (Glow discharge optical emission spectroscopy). We describe also structural characterization by XRD (X-ray diffraction). Hardness was measured by using a Vickers microdurometer as well as by using nanoindentation. Electrochemical corrosion measurements are also reported.
Experimental Procedures
TiN/AlN, TiN/NbN and TiN/TaN multilayers were produced by dc magnetron sputtering technique. We used two sputter guns: one with a titanium target and the other one with other metal target, specifically, aluminum, niobium or tantalum. All targets were 3 inches diameter and 4 mm thick; their purity was better than 99.99%. Substrates were high speed steel. The multilayers were produced by maintaining first the substrate above the titanium target for 5 min, then rotating the substrate holder and maintaining it during D DAVID PUBLISHING
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1 min above the other-metal target; and repeating the process until we obtained twenty layers of TiN and 19 layers of the other nitride, i.e. the first and last layers are made of a titanium nitride. The process always started with sputtering a titanium adhesion layer during 2 min sputtering. During nitrides deposition, the sputter atmosphere was always 3.5 × 10 -4 mbar nitrogen and total pressure (argon + nitrogen) 5.6 × 10 -3 mbar.
Current deposition for titanium nitride was always 600 mA and for the other nitrides 300 mA. The substrates were always heated at 400 º C and biased at -100 V. 
Results
From deposition rate of nitrides deposited at sputter conditions mentioned in previous section, we estimated the thickness for each layer. These results are shown in Table 1 .
In Fig. 1 , we show the results of chemical analysis by GDOES. The multilayers structure of the three samples is very well defined. We can see 9 layers of aluminium nitride intercalated with 10 layers of TiN in There are, however, some details to explain. When the distance in the direction from the top surface of the multilayers to the substrate increases, the intensity of peaks of the metal elements decreases. This effect is known as the crater effect and it is due to the loss of resolution when depth increases [11, 12] ; the continuous changes in the shape of the crater after each interface induces a higher mixing of the layers. So, quantitative information of the chemical composition and the width of layers only is reliable from the two first layers. We have obtained the thickness of a bilayer (wavelength) as the distance (in nm) between the two first peaks corresponding to the metal (Al, Nb or Ta) and the thickness of AlN, NbN or TaN layers as the width at half height of those peaks. We conclude that the chemical composition is very close to the stoichiometry of the corresponding nitrides expected and the thickness of the layers agree with those estimated in Table 1 . Table 2 .
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First, let us observe in Fig. 4 that the Vickers hardness of the HSS substrate is independent of the load in the range 100-10 gf. The value for 5 gf increases in 20%. This is a very well known indentation size effect [14] explained for the high dislocation density under the indentation tip. For large penetration depths the dislocations are distributed in larger volumes, so the dislocation density is smaller.
For the coated samples, we can observe that hardness increases noticeably for loads lesser than 50 gf and they reach high values for L = 5 gf. This can be explained for the very well known rule: A most real approximation to the hardness of the coating is obtained when ratio (indentation depth/coating thickness) < 0.1.
Considering that the values of Vickers Hardness for titanium nitride and other nitrides, components of our coatings, are in the range 1,500-2,200 kgf/mm 2 , it is evident from our data in Fig. 5 and Table 2 that our multilayer coatings do show hardness enhancement compared to monolayer nitride coatings.
Nanoindentation
Hardness of our coatings was also measured by nanoindentation. The advantage of this method is essentially a smaller tip radius which allows for a more accurate measurement at small loads and low indentation depths to avoid the influence of the substrate hardness on the results. The values given in Table  3 are an average over 16 multiple-partial-unloading indents taken at an indentation depth region between 40 and 110 nm. This region enable us to get an average over several layers of the multilayered samples without interference of the substrate. At lower depths there is a large scattering of data due to the predominance of surface roughness as well as indentation tip rounding effects. The parameter H 3 /E *2 related to toughness of coatings, is also shown.
In Fig. 4 , we show graphically the hardness values obtained from data in Table 2 vs load. Data for 100 gf is also included. Table 4 shows the indentation depth in nanometers.
In Fig. 5 we show the results of multiple-partial-unloading indentation for the indents of maximum and minimum hardness.
The data show that the nanoindentation results for hardness (first row in Table 3 ) are consistently lower than the microhardness values measured with load L = 5 gf (last column in Table 2 ). It is very well known that the crystallographyc anisotropy. Fig. 6 shows polarization curves for uncoated steel and steel coated with three types of multilayers. First observation is that E corr for uncoated steel is − 0.35 V and for all the coated samples is the same, approximately, − 0.30 V. The fact that E corr is the same for all of our three types of multilayers can be explained because the top layer in all of them is a layer of approximately 80 nm of titanium nitride. The E corr is a parameter to be considered mainly when in the surrounding of the piece of interest there is another material of very different E corr . In that case galvanic pairs may be stated and destroy the piece. On the other hand, the corrosion current density (i corr ) is a parameter related to microscopic currents occurring inside the piece of interest when in the medium of work or environment there exist some ionic solutions. The explanation for these microscopic currents is that due to defects of the material, there is accumulation of positive and negative charges in different points on the surface of the piece. In laboratory, i corr is calculated from polarization curves according to the so called Tafel extrapolation method. Following this, we have found the values of i corr for uncoated steel and steel coated with each of the studied type of multilayers described in Table 5 . We can see that i corr for coated samples is only slightly lesser than for uncoated samples. The minimum i corr (maximum anticorrsosive protection) found is for TiN/TaN multilayers. In this case current corrosion is 64% current corrosion of uncoated steel.
Electrochemical Corrosion
Discussion
It is very well known that negative bias voltage between -100 and -200 V applied to high-speed-steel substrates during coating deposition by dc or rf magnetron sputtering of titanium nitride and other metal nitride increases noticeabely the hardness of the coatings [18] [19] [20] . This hardness increasing is generally associated to changes of texture respect to no-biased substrates and the creation of high density of deffects. On the other hand, superhard-multilayer coatings have been produced [21] [22] [23] [24] by the intercalation of layers of two nitrides made also by sputtering with negative bias of the substrate. In the case of superhard-multilayer coatings, the hardness enhancement is usually explained by four mechanisms: (i) dislocation blocking [8, 25] due to the different shear moduli between two layers of different materials, (ii) the Hall-Petch effect [26] which explains the increase of hardness with decreasing grain size, (iii) alternating strain field due to the lattice mismatch [27] and (iv) enhancement of the elastic modulus [28] .
In this work we have produced multilayers of TiN and MeN (where Me = Al, Nb and Ta) under the same deposition conditions, including − 100 V bias substrate. We have shown microhardness data as measured by classical Vickers microdurometer, as well as, nanohardness data measured by nanoindentation with Berkovich tip. Vickers microhardness for load L = 5 gf, according to column 4 of Table 2 , is in the range of 3,100 kgf/mm 2 for TiN/NbN to 4,800 kgf/mm 2 for TiN/TaN multilayers, however these values correspond to individual indentations. Considering only data on Table 4 for average nanohardness, we conclude that all of our multilayer systems show hardness enhancement respect to monolayers systems and there is no significative difference among them. In order to explain the mechanisms for hardness enhancement in our coatings, we state the following: (1) From GDOES data, it is evident that we have a multilayer structure, i.e interfaces between materials with different elastic constants [29] [30] [31] [32] , then it is possible some contribution to hardness enhancement from dislocation blocking due to different shear moduli; (2) From our XRD data, it is evident that we have very small grain size, then it is possible in our coatings some contribution to hardness enhancement from Hall-Petch effect; (3) Lattice parameter of cubic tantalum nitride is very close to that of titanium nitride and some mismatch lattice could be expected; (4) The elastic modulus of our coatings are higher than respective monolayers so hardness enhancement could also be related to this fact.
It is not possible from our data to discriminate the specific contribution of each of the mentioned mechanisms, however, it is true that both, interfaces and grain boundaries, created by bias sputtering or mismatch, generate high defect density in the coatings. Deffects hinder the movement of dislocations, thus hardening the material. That could be a basic summary for explanation of hardness enhancement in our multilayer respect to monolayers coatings.
Conclusions
We have produced three types of multilayer coatings by dc magnetron sputtering with substrate biased at − 100 V and with the same sputter conditions, the layers type were: TiN/AlN, TiN/NbN and TiN/TaN. The thickness of titanium nitride layer was 80 nm titanium nitride and for the other nitride layers the thickness was between 13 and 16 nm . The multilayers structure was verified by GDOES and nanocrystalline structure of each layer was verified by XRD. Microhardness and nanohardness were measured with classical Vickers microdurometer and by nanoindentation, respectively. Values of microhardness with load L = 5 gf result higher than nanohardness with indentation depth 100 nm. In both cases (Vickers and nanoindentation) hardness enhancement with respect to the monolayers is evident. Average nanohardness taken over 16 indentations per sample results almost the same for the three types of multilayers, approximately 30 GPa. We conclude that the mechanisms for hardness enhancement are basically the same in the three types of layers: hindering of the movement of dislocations due to the high density of defects created by interfaces and grain boundaries. Electrochemical corrosion measurements were also carried out and the values of E corr and i corr are also almost the same for the three types of multilayers. So, the three types of multilayers based on titanium nitride and prepared under the same sputter conditions show similar values of nanohardness and the same electrochemical behavior independently of the partner layer: aluminium nitride, niobium nitride or tantalum nitride.
